The large capillary mass of the newborn lung demands the presence of endothelial cell precursors in lung tissue prior to development of the pulmonary capillary bed. The objective of this investigation was to isolate and characterize putative endothelial cell precursors from developing human lung. CD34, a cell surface marker for hematopoietic progenitor cells, endothelial precursor cells and small vessel endothelial cells was employed as an immunological "handle" for the selection of the desired cells. When 
Introduction
The gas exchange function of the lung is dependent upon the sharing of a basement membrane between distal airway epithelial cells and capillary endothelium. Hence, newborn respiration is dependent not only upon maturation of the distal airways into alveolar structures but also upon the development of an extensive capillary bed.
Vascular development in the lung occurs through two mechanisms: angiogenesis, which involves the sprouting of new blood vessels from pre-existing vessels; and vasculogenesis, defined as the generation of blood vessels from endothelial cell precursors contained within the mesenchyme. Previous studies have demonstrated the role of vasculogenesis in the generation of the pulmonary capillary bed (9) . It is during the canalicular phase of human lung development (16-24 weeks gestation) that endothelial cell precursors coalesce into capillaries (6, 9) and that the air-blood barrier begins to form (10) . Hence, a large pool of endothelial cell precursors must exist within the lung mesenchyme to serve as substrate for the large capillary mass of the maturing lung. The existence of a large population of endothelial cell precursors in the developing lung is further supported by observations of an abundance of the endothelial cell growth factor, vascular endothelial cell growth factor (VEGF), in the epithelium of the developing human lung (1, 20) .
Studies of endothelial cell precursors have demonstrated that such cells express the cell surface marker, CD34 (11, 16) . CD34 is a 105 -120-kD transmembrane glycoprotein that is also expressed on stem and progenitor cells of the hematopoietic systems of the human (15, 24) and mouse (25) . Therefore, in the present study our FINAL ACCEPTED VERSION LCMP-002020-2002 R1 4 objective was to isolate and characterize CD34+ cells from midtrimester human fetal lung and to determine if these cells represent capillary endothelial cell precursors. We employed a variety of criteria that are known to be phenotypically associated with endothelial cells. These criteria include the expression of receptors for VEGF, the expression of mRNA for other endothelial cell specific proteins, the ability to endocytose acetylated low-density lipoproteins and the ability to form capillary-like tubes in vitro.
Fulfillment of these criteria demonstrated that the isolated CD34+ cells possess and maintain an endothelial cell phenotype in culture suggesting that they are, indeed, pulmonary capillary endothelial precursor cells. This is the first report of the isolation and characterization of such cells from developing human lung. It is speculated that the isolated cells can be employed as a model to investigate factors regulating, and mechanisms involved in, the development of the air-blood barrier in the human. 
Materials and Methods

Isolation of CD34+ cells from human fetal lung and flow cytometry analysis
Lung tissues were obtained from human abortuses of 16 -to 19 -weeks gestation from a local clinic or from Advanced Biosciences Resources (Alameda, CA) as approved by the University of Iowa Human Subjects Review Committee. Major vessels and airways were removed from midtrimester human fetal lung tissues followed by mincing of the peripheral tissue and digestion with collagenase (0.5%, Sigma Chemical, St. Louis, MO) in Eagle's minimal essential medium (EMEM) with gentamicin (50 mg/L), penicillin (100 U/ml), amphotericin B (2.5 mg/L) for 30 min at 37°C. The tissue digest was pipetted through a 10 ml pipette (60 times) then filtered through a nylon mesh (100 µm). The crude cell filtrate was suspended in EMEM with 10% fetal calf serum then placed in a 100 mm plastic dish for 60 minutes at 37°C to allow adhesion of fibroblasts. Nonadherent cells were suspended in EMEM then incubated with anti-CD34 conjugated magnetic beads (Dynal, Inc., Lake Success, NY) for 60 min at 4°C per the manufacturer's protocol followed by a step to remove the beads from the cells. The selected cells were then plated on plastic dishes coated with rat tail collagen (5 µg/cm 
Tube Formation Assays
Second passage CD34+ cells (50,000 cells/well) were placed on 400 µl cushions of Matrigel basement membrane matrix (Becton Dickinson) and maintained in E-Stim medium. The media were changed daily. After 7 days of incubation at 37°C the cultures were photographed. Some cultures were fixed with 1/2 strength Karnovsky's fixative in 0.1M sodium cacodylate buffer (pH 7.2) employing a microwave processor.
The gels were post fixed with 1% osmium tetroxide and 1.5% potassium ferricyanide.
The fixed gels were then stained en bloc with 2.5% uranyl acetate, dehydrated through an ethanol series and embedded in Eponate 12 (Ted Pella, Inc., Redding, CA). 100 nm thick sections were examined with a Hitachi H-700 transmission electron microscope. 
Results
Immunoreactivity for CD34 in midtrimester human fetal lung
Immunoreactivity for CD34 was observed in the distal aspects of the midtrimester human fetal lung in scattered areas of the mesenchyme and in close association to the epithelium of the distal airways (Fig. 1) . The CD34+ cells were abundant and the majority of the CD34+ cells were not associated with blood vessels suggesting that such cells may be precursors to the pulmonary capillary bed. and cell-matrix interactions (19) . In fact, only 3.6 % ± 0.6 % (mean ± SEM, n=6) of the isolated cells were positive for PECAM (Fig. 4) . Interestingly, we observed that for the 
Endothelial cells are known to endocytose acetylated low-density lipoproteins (23).
Therefore, we incubated 2 nd passage CD34+ cells on glass slides in the presence of DiI-Ac-LDL to determine their ability to take up this fluorescently labeled factor. We observed DiI-Ac-LDL accumulation in all of the cultured CD34+ cells (Fig. 5 ) in a fashion similar to that for the human umbilical vein endothelial cell controls (data not shown).
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These results further support the endothelial cell nature of the isolated human fetal lung cells.
Another important property of endothelial cells is their ability to spontaneously form capillary like "tubes" when placed on a three dimensional cushion of Matrigel, a substrate of reconstituted basement membrane proteins and growth factors (4) . As demonstrated in Figure 6 , 2nd passage CD34+ human fetal lung cells formed capillarylike tubes when cultured on Matrigel. The tubes began forming within 24-48 hours and became more extensive up to 10-14 days before regressing. Transmission electron microscopy demonstrated that the structures formed were indeed "tubes" containing lumen that resembled capillaries (Fig. 6C ). These findings further support the endothelial cell phenotype of the isolated CD34+ cells suggesting they may be destined to comprise the capillary bed of the maturing lung.
We have found that the isolated human fetal lung CD34+ cells can be maintained in culture for a number of passages, however, their growth rate diminishes significantly after 10-12 passages. Therefore, we performed RT-PCR on RNA isolated from CD34+ cells cultured for up to 16 passages to determine if later passage cells continue to express mRNA for the VEGF receptor, Flt-1, the angiopoietin receptor, Tie-2, or for eNOS. Surprisingly, we found that mRNA for these endothelial cell associated proteins is expressed through all 16 passages (Fig. 7) . This observation suggests that the observed decrease in rate of growth in later passage cell cultures is not associated with the loss of these endothelial cell specific markers.
FINAL ACCEPTED VERSION LCMP-002020-2002 R1 13
Discussion
In the present study, we isolated a population of cells from midtrimester human fetal lung tissue that express an endothelial cell phenotype when maintained in vitro under various conditions. The cells were isolated by an immunomagnetic separation technique dependent upon the cellular expression of CD34, a marker for hematopoietic progenitor cells, endothelial cell precursors and small capillary endothelial cells (16) .
We demonstrated an endothelial cell phenotype for these CD34+ cells utilizing several accepted techniques. Since the CD34+ cells were derived from distal portions of midtrimester human fetal lung, tissue that is generally void of capillary or vascular endothelium, the isolated cells represent a population of endothelial cell precursors.
These cells represent the precursors to the pulmonary capillary bed that will ultimately comprise the endothelial cell portion of the air-blood barrier. Histological studies describing the development of the pulmonary vasculature have added to our knowledge of developmental angiogenesis and vasculogenesis in the lung (8, 9, 13) . However, there remains a paucity of information regarding mechanisms of regulating development of the pulmonary capillary bed (22) . Vascular endothelial growth factor is produced in abundance by the epithelium of the developing lung (1, 20) suggesting that the developing epithelium is driving development of the pulmonary capillary bed. Results supportive of this hypothesis have been demonstrated by coculturing experiments with epithelium and Flk-1 (VEGFR-2) positive cells derived from developing mouse lung (12) . These studies demonstrate the dependence of endothelial cell growth on the presence of epithelial cells in situ. A significant amount of further work will be needed to define mechanisms involved in the organization of endothelial cell precursors into a functional pulmonary capillary bed and further work will be required to define mechanisms regulating endothelial-epithelial cell interactions in the developing lung. These interactions are essential for the development of efficient gas exchange in the newborn lung.
In conclusion, we have demonstrated that CD34+ capillary endothelial precursor cells can be isolated from developing human lung and that these cells can be maintained in Our data suggest that the ultimate fate of these CD34+cells is as the capillary endothelium of the air-blood barrier. Given the relative lack of information regarding mechanisms that control endothelial cell growth, differentiation and organization in the developing lung, these human fetal lung endothelial precursor cells will provide an important tool for elucidating such mechanisms. 
